An advanced controller consisting of a feedback and feedforward part is presented to improve the performance of an atomic force microscope (AFM) enabling topography measurements at higher scan rates with a reduced measurement error. The tip-sample interaction force is held constant by an H ∞ -controller while the scanner is simultaneously tracked to the topography of the last recorded scan line by a model-based feedforward controller. The designed controller is implemented on a commercial AFM system to compare the performance to a standard proportional integral controlled AFM. The new controller reduces the measurement error and enables imaging at higher speeds and at smaller tip-sample interaction forces.
Introduction
Atomic force microscopes (AFM) are used to trace the topography of a nanoscale specimen by a sharp tip supported on a micro-mechanical cantilever [1] . The spatially resolved topography is measured by scanning the sample laterally under the probing tip by means of a piezoelectric tube scanner [2] . Due to the sample's topography the cantilever gets deflected; this is monitored by an optical lever and a segmented photo diode [3, 4] . In some AFM designs the probing tip is scanned [5] instead of the sample. However, the issues for controlling the AFM are the same as in the scanning sample design, dealt with in this paper. A detailed description of the components and the function of the AFM can be found in [1, [6] [7] [8] .
In contact mode the tip permanently touches the specimen. In the so-called 'constant force mode' the cantilever deflection, and thus the tip-sample interaction force, is held constant in a closed-loop operation. Changes in the deflection signal of the cantilever due to the sample's topography get compensated in the feedback-loop by varying the position of the sample along the Z -direction, which is along the axis of symmetry of the piezoelectric tube. In commercial realizations the closed-loop AFM system (figure 1), consisting of the scanner's voltage 3 Author to whom any correspondence should be addressed. amplifier, the scanner, the cantilever, the photodiode, and the controller, is operated by a proportional integral (PI) element. The setpoint in the control loop (figure 1) predetermines the nominal value of the tip-sample interaction force. By recording the feedback-generated voltage applied to the Z -axis of the scanner piezo simultaneously with the lateral position of the sample, spatially resolved images of the sample surface can be drawn. Although the AFM is capable of imaging the topography of a specimen at high resolution, it only does so at relatively low speeds. The low scanning speed is mostly due to the limited bandwidth of the PI-controlled AFM given by the main dynamics of the piezo scanner. Depending on the settings of the PI controller faster imaging results either in an increased cantilever deflection around the setpoint value or in oscillations of the piezoelectric tube. Both situations result in varying imaging forces, which might cause damage to tip or sample. Additionally, in the latter case the oscillations of the closed-loop AFM system would distort the topography image.
First efforts to improve the performance of scanning probe microscopes in the Z -direction have been made by introducing high frequency piezo segments to the probe [9] [10] [11] or scanner [12, 13] or by implementing a modern model-based feedback controller [14] . However, multiple actuators in the vertical direction necessitate controlling the AFM in a nested feedback loop [15] , which requires a lot of tuning knowledge from the AFM user when adjusting two competing PI loops. The control system presented in this paper does not contain competing feedback loops and still may be applied to multiple actuator systems.
Here we present a new approach to considerably reduce the measurement error of the AFM. One can take advantage of the fact that two adjacent scan lines normally are quite similar. Thus we delay the topography of the last recorded scan line by one period of the scanning motion and a feedforward controller tracks the Z -direction of the piezoelectric tube scanner to this delayed topography signal. A simpler solution that neglects the dynamics of the piezo scanner was implemented earlier on a commercial AFM system [16] . Data from the previous scan line was used to make a one-pixel prediction and this information was added to the control action of the PI controller [17] .
We present the design and implementation of a twodegree-of-freedom (2DOF) controller, which consists of a feedforward and a feedback part that takes into account the dynamics of the piezo scanner.
For the design of the new controller a mathematical model of the AFM system's dynamic behaviour is required which is obtained from a black-box identification using sub-space methods [18] .
The feedback operation is performed similarly to conventional AFM systems but at an increased bandwidth by utilizing modern model-based control methods. To this end an H ∞ -feedback controller is proposed for accelerating the scanning process by considering the high frequency dynamics of the AFM system. Simultaneously, a model-based feedforward controller, which is also designed in the H ∞ -framework, tracks the Z -direction of the piezoelectric tube scanner to the topography of the previous scan line. Thus, the feedback controller only has to compensate the difference between the previous and the actual scan line.
We demonstrate that this use of prior knowledge reduces the cantilever deflection and improves the performance of the AFM system compared to a well-tuned PI-controlled AFM.
Identification of the scanner dynamics
To obtain a mathematical model of the AFM system we performed a system identification [19] similar to the procedure described in [14] . For hard samples and small amplitudes the model can be reduced to the dynamic behaviour of the piezoelectric tube scanner and a gain factor modelling the voltage amplifier and the deflection detection system [14] .
Experimental setup
Tests were performed on a NanoScope-IIIa MultiMode-AFM (Veeco, USA) to identify a 'J'-class piezoelectric tube scanner. For measurement of the input and output data an external digital signal processor (DSP) 4 was employed which was also used for the implementation of the controller presented in this paper. The input to the AFM system was given by the voltage amplifier of the piezo scanner in the Z -direction and the system output was the Z -signal of the segmented photo diode (see figure 1) . Mica was used as a specimen because of its hard surface and the ability to avoid surface contamination by cleaving the sample just before the experiment. The scanner's extension and retraction in the Z -direction were detected by the usual AFM measurement setup using a contact lever of type 'NP-S, Silicon Nitride Probes, 200 wide' (Veeco, USA).
A band-limited white noise signal was applied to the system input to get the input and output data for system identification. Due to the constant power spectrum of the white noise signal, generated by the 'white noise block' of 'Matlab-Simulink' [20] running on the DSP, the tube scanner was excited at all frequencies within the bandwidth of interest. The excitation signal and the response of the AFM system to the applied excitation were recorded simultaneously by the external DSP running at a sampling time of 16.5 µs which was also the sampling time of the controller presented in this paper. The noise power of the excitation signal was chosen to get a maximum signal amplitude of the system's response between 2.5 and 10 V.
System identification
A linear model can be calculated from the measured input and output data using a standard algorithm based on subspace methods [18] , that is implemented in the 'Identification Toolbox' of Matlab [20] . The piezo dynamics along the Z -axis can be modelled linearly as shown also in [21] and [14] . The identified model includes the dynamic behaviour of the piezoelectric tube scanner as well as the gain factor modelling the voltage amplifier and the optical deflection detection system. The model order is set to 5 because an increased model order does not reduce the modelling error substantially but compromises the sampling rate of the DSP at the implementation of the new controller by increasing the order of the controller as well [22] . Due to the piezo dynamics the commercial, PI-controlled AFM is limited to a bandwidth below 1.5 kHz, because the PI controller is not able to handle the high order dynamics of such oscillatory systems [23, 14] . To increase the control performance of the AFM a more sophisticated controller has to be designed and implemented which is the focus of the next section.
Controller design
The design of our new controller is split into two parts, a model-based feedforward controller and a feedback controller. Both controllers can be designed separately but are combined to make a 2DOF controller (see, e.g. [22] ) for operating the AFM in a feedback loop while the sample simultaneously is tracked to the previous scan line by the feedforward controller. Due to this feedforward operation the cantilever deflection is reduced, most notably when topographical steps or ramps occur perpendicular to the fast scanning direction. The new feedback controller is calculated utilizing modern model-based control methods to improve the performance of the closed-loop operated AFM system [14] . For the design of the feedback a linear H ∞ -controller [22] was chosen, because of the possibility to specify requirements to the closed-loop operated system, such as fast sequential control, no steady-state deviation, suppression of disturbances, rejection of measurement noise and robustness against model uncertainties. The feedforward controller is designed as an H ∞ -filter.
The requirements for the feedforward and the feedback system have to be formulated as mathematical design specifications (weights), by which the mathematical model obtained from the system identification is extended ( figure 4) . The outputs of the extended mathematical model v u , v y , z e , z u , and z y in figure 4 do not exist in the real AFM and are used only during the design of the new controllers. These mathematical outputs are introduced to rate the performance of the control loop when calculating the model-based feedforward and feedback controller, respectively. The achieved performance of the feedforward or feedback operated system is evaluated by simulated step responses. During the design of the controllers the corresponding mathematical weights W are adjusted iteratively, such that the respective system output y 1 and y 2 tracks the guidance step in r 1 and r 2 as fast as possible without oscillations of the sample position.
The feedforward and feedback controllers, which are also part of the extended model, are designed by minimizing the H ∞ -norm of the weighted model [22] as usual for H ∞ -control. A more detailed description of the design of the new controller can be found in [24] .
In the weighted model for the design of the feedforward controller ( figure 4(a) ) the guidance signal r 1 represents the previous scan line. The position of the sample is given by the scanner output y 1 . The output of the extended model v y is used to rate the tracking performance of the feedforward operated system by setting the tracking weight W y1 to low pass characteristics. The output v u penalizes the input to the piezoelectric tube scanner u 1 and is used to damp the fundamental resonance of the scanner by the appropriate choice of the weight W u1 . Figure 4 (b) shows the weighted model for the design of the feedback controller. The setpoint r 2 determines the desired cantilever deflection. W u2 is again chosen to damp the resonance of the piezoelectric tube scanner by penalizing the scanner input u 2 . The weight W y2 for the achieved cantilever deflection y 2 is set to high pass characteristics to suppress measurement noise and achieve robustness against uncertainties of the identified model beyond the control bandwidth. The weight W e2 assesses the control error e 2 and is set to low pass characteristics. By increasing the bandwidth of W e2 the feedback controller is designed for fast sequential control and suppression of disturbances, which in the eyes of a control engineer are given by the cantilever deflection due to the sample topography (see figure 1) . Figure 5 shows the structure of our new 2DOF controller combining the feedforward and the feedback controller. The blocks labelled 'gain FF' and 'gain FB' are two additional tuning parameters. The block 'gain FF' is used to define the rate of the feedforward trajectory applied to the tube scanner, which can be chosen between zero and one. A gain of zero means the AFM system is purely operated by the feedback controller. Setting the gain to one denotes the last recorded scan line is applied to the piezo scanner at 100%, which reduces the control error nearly to zero for structures that do not change too much from one scan line to the next. For samples having a very unstructured surface, for example dust particles that appear just in one scan line, the feedforward gain can be reduced. The block 'gain FB' is used to adapt changes in the gain of the optical deflection detection system, which can occur using another cantilever or different alignment of the laser beam on the cantilever. Aside from these two gain factors the 2DOF controller needs no further tuning because it is designed for the complete dynamics of the AFM system, in contrast to the PI-controlled AFM.
For acquisition of the topographical data the position of the sample is simulated by the model of the piezo scanner [14] . To compensate the scanner dynamics at the increased control bandwidth, the control signal still oscillates while the position of the sample, and thus the cantilever deflection, already settled to the desired setpoint value. Due to these persistent oscillations, the voltage applied to the piezo in the Z -direction no longer represents the sample topography.
The simulated position is additionally delayed by T , which is one period of the scanning motion minus the reaction time of the open-loop system in the Z -direction, to generate the trajectory applied to the feedforward controller. The derived mathematical models of the scanner, the feedforward and the feedback controller are implemented in their state-space representation, which are sets of first order matrix difference equations, on the DSP (see footnote 4) according to figure 5. Figure 6 shows a flow chart of the signals and tuning parameters between the AFM electronics, the AFM, the DSP and the host computer, which is used to control the DSP and to adjust the feedforward and the feedback gain. The topographical data generated by our new controller are recorded by an A/D-converter of the commercial AFM system to use the AFM's imaging system for data acquisition. To avoid lateral oscillations of the piezoelectric tube due to the scanning motion an additional model-based open-loop controller is implemented on the DSP to filter the scanning voltages applied to the piezo tube, such as is described in [25] .
Experimental results
All experiments shown in figures 7-9 were performed on a NanoScope-IIIa MultiMode-AFM. The PI controller of the commercial AFM system was tuned well [16] for each measurement to compare the control performance between the standard PI-controlled and the new 2DOF-controlled AFM system. The images presented in figures 7 and 8 were recorded using a cantilever of type 'NSC12/Si3N4/50, type E' (MikroMasch, Estonia) with a nominal force constant of 0.3 N m −1 . This cantilever is of a different type from the one used for the identification experiment and demonstrates that the cantilever dynamics can be neglected in contact-mode AFM. The experiments shown in figure 9 were imaged with a contact lever of type 'NP-S, Silicon Nitrite Probes, 200 wide' (Veeco, USA) with a nominal force constant of 0.12 N m −1 . Figure 7 shows a comparison of the standard PI-controlled AFM system with the 2DOF-controlled AFM recorded at 10 Hz line scan rate. The test specimen is a silicon calibration grid (TGZ01, MikroMasch, Estonia) showing 26 nm deepetched moats with a pitch of 3 µm. By comparing images 7(e) with 7(f) and 7(g) with 7(h) the reduction of the cantilever deflection by operating the AFM system with our new 2DOF controller can be seen. A reduction of the maximum deflection reduces the variation of the tip-sample interaction force and results in more reliable topographical data. Furthermore, it reduces the maximum tip-sample interaction force and prevents damage to the tip and/or sample. In figure 8 the control error of single line scans of the specimen shown in figure 7 recorded by the PI-controlled AFM and the 2DOF-controlled system is shown for selected line scan rates. The control error is always smaller in case of the 2DOF-controlled AFM compared with the PI-controlled system.
Single line scans of a silicon calibration grating (TGZ03, MikroMasch, Estonia) showing 530 nm deep-etched moats with a pitch of 3 µm are shown in figure 9 to compare the control performance of the PI-controlled and the 2DOF-controlled AFM. The overshoot at topographical steps is an imaging artefact stemming from the closed-loop operation. A reduction of this overshoot can be seen when the AFM is operated by our new controller.
Since the measured topography is always a dilation of the sample topography and the probing tip [26, 27] , topographical steps that are much higher than the tip radius occur as a ramp in the topography signal according to the profile of the tip geometry. A closed-loop system with just one integrator (single pole at s = 0), such as the PI-controlled AFM, is not able to track a ramp exactly, and follows the guidance signal with a delay resulting in a constant control error [28] . In the case of the PI-controlled AFM this causes a deflection signal with an offset to the desired setpoint during the topographical ramp, which can be seen in figures 9(d)-(f). The constant delay during the tracking of the ramp signal also causes a shift of the recorded topography with respect to the real topography. The new 2DOF controller applies the topographical ramp to the piezoelectric tube scanner through the feedforward path, enabling the feedback controller to track the desired imaging force with much lower variations and to circumvent the shift between the real and recorded topography.
The setpoint was adjusted to 0.0 V for all scans measured with the 2DOF-controlled AFM (figures 9(g)-(m)). In order to avoid loss of tip-sample contact in the case of the PIcontrolled AFM (figures 9(a)-(f)), the deflection setpoint had to be increased to 0.2 V for a line scan rate of 10 Hz, to 1.0 V for 20 Hz, and to 1.4 V for 30 Hz line scan rate. Increasing the setpoint by 1.4 V results in an increase of the tip loading force of about 12 nN, which is calculated from the deflection sensitivity, the setpoint and the typical value of this lever type's spring constant. Due to the reduced cantilever deflection when controlling the AFM by our new 2DOF controller the system can be operated closer to the minimum force value without loss of tip-sample contact resulting in smaller imaging forces.
Conclusion
A 2DOF controller was designed and implemented to reduce the measurement error and improve imaging speed of an AFM. The dynamic behaviour of the AFM system was identified to obtain a mathematical model for the design of the model-based feedforward and feedback controllers and for simulation of the piezoelectric tube scanner to get the actual topographical trajectory used for data acquisition. Additionally this signal is delayed by one period of the trace-retrace cycle of the scanning motion to generate the target trajectory of the next scan line, which is applied to the feedforward controller. This use of prior knowledge improves the performance of the AFM considerably.
The new 2DOF controller enables fast scanning at significantly reduced measurement errors. Further tuning of the controller by the user is not necessary because the 2DOF controller is designed for the complete dynamics of the AFM system. Due to the noticeable reduction of the maximum cantilever deflection imaging can be accomplished at smaller tip-sample interaction forces without loss of contact, preventing damage to tip or sample.
Although the controller presented in this paper is designed for contact-mode AFM, we expect that a feedforward compensation also reduces the control error in tapping mode. For systems with multiple actuators in the vertical direction (e.g. [15] ) a model-based controller would remove the necessity to tune two competing PI loops, because this controller would generate the control action for both actuators. Implementing a 2DOF controller as proposed here would increase the performance of such an AFM even further.
